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MINIATURISED ENRICHMENT DEVICE 

The invention relates to a miniaturized device for the stor- 
age and enrichment of molecules and atoms, especially for a 
5 miniaturized gas chromatography and a process for the produc- 
tion of such a miniaturized device. Further, the invention 
relates to the use of nano-scaled particles, tubes and/or fi- 
bers for the storage and/or enrichment of molecules and atoms 
for analytical purposes. 



In order to lower the detection limits of analytical devices, 
a sample enrichment process is often carried out at the input 
of the analytical system, especially for gas analysis. With 
the help of such a sample enrichment the detection limit can 

15 be lowered by two to three orders of magnitude. In the clas- 
sical analysis this is achieved via the so-called "Tenax" 
tubes. These tubes contain an organic polymer as an adsorbent 
for the enrichment of organic compounds. Also other sub- 
stances, e.g. zeolites are used for this purpose. These fill- 

20 ing substances consist of particles with a very porous sur- 
face topology. Therefore they exhibit an enlarged specific 
surface (m 2 /g) compared to particles with a homogenous sur- 
face structure and they have a very good storage capability 
for gaseous substances. In this way the adsorption of gas 

25 molecules at the surface is used for sample enrichment. 

The available tubes are relatively voluminous and are there- 
fore not suited to the overall concept of a miniaturized 
analysis system. Furthermore it is not possible to introduce 
3 0 adsorption material into such tubes with processes commonly 
used in microsystem technology. 



10 
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From U.S. patent No 6,004,450 a process for the production of 
a porous silicon membrane in a silicon substrate via micro- 
system technology is known. The silicon membrane can be used 
for the enrichment of sample material. The disadvantage of 
5 this process is that it only creates a porous structure 

within the silicon substrate used, and it is therefore not 
possible to adjust the surface energies via a choice of dif- 
ferent materials or different material combinations. Further- 
more, a subsequent homogenous coating of the silicon struc- 
10 tures, especially in the vertical orientation, is not possi- 
ble. 

The object of the current invention is to provide a device 
that enables efficient sample enrichment for miniaturized 
15 analysis devices, especially miniature gas chromatographs , 

which can be easily produced using processes known within the 
microsystem technology, which has a low power consumption and 
which does not exhibit the disadvantages of the current state 
of the art devices described above. Furthermore, it is the 

2 0 object of the current invention to provide a process for the 

production of such a device. 

The solution of the problem, according to the invention, is 
achieved by a device with the characteristics described in 
25 claim 1 as well as a process according to claim 17. 

The device, according to the invention, for the storage 
and/or enrichment of molecules and/or atoms consists of a 
chamber with a filling material, the filling material con- 

3 0 sisting of or containing carbon nanotubes and/or carbon nano- 

f ibers . 



PAT 0 958 PCT/US 

- 3 - 

Carbon nanotubes are well known (see for example: H. 
Hoffschulz, 2000, w Anwendungsper spekt i ven von Kohlenstoff- 
Nanorohrchen" ; Physikalische Blatter 56, 53-56). Carbon nano- 
tubes were only discovered a few years ago and are described 
5 as carbon modifications with a tube-like shape. Carbon nano- 
tubes belong to the nanoscale or nano-crystalline solids. 
Fullerenes (e.g. the "Buckminster Fullerene with 60 carbon 
atoms) also belong to this group, which represent essentially 
spherical carbon compounds. These solids are characterized by 

10 dimensions, which lie in the nanometer range (0.1 -1000 nm) . 

Carbon nanotubes, for example, have a diameter of e.g. 0.5 to 
100 nm. In the case of nanotubes it can be distinguished be- 
tween single wall nanotubes (SWNT) and multi wall nanotubes 
(MWNT) . SWNT can have diameters between 0.5 - 1.5 nm, MWNT 

15 usually have much larger diameters e.g. 2-20 nm. The length 
of the tubes can hereby vary significantly. Currently, 
lengths from 0.5 nm to several micrometers are available. 
Carbon nanofibers are staples of small graphite layers, which 
also exhibit a high storage capacity. 

20 

Carbon nanotubes can be produced by Plasma Enhanced Chemical 
Vapor Deposition (PECVD) . The plasma enhanced deposition of 
carbon nanotubes is known from a number of publications (see 
for example: Z.F. Ren et al . , 1998," Synthesis of large ar- 

25 rays of well aligned carbon nanotubes on glass", Science 282, 
1105-1107; M. Chhowalla et al . , 2001, "Growth process condi- 
tions of chemical vapor deposition", Journal of Applied Phys- 
ics 90, 5308-5317; US 2002/0004136 (US 6,361,861). These pub- 
lications, incorporated herein by reference, describe the 

30 deposition of vertically orientated nanotubes onto substrates 
such as graphite, glass and silicon where, in general, metal 
catalysts are used. 
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The device according to the invention can be produced rela- 
tively simply with processes known within the microsystem 
technology. Such processes, which are known to a person skil- 
5 led in the art, are for example structuring processes (li- 
thography like deep x-ray- lithography and UV- lithography , Ex- 
cimer laser structuring, mechanical micro-production, LIGA 
technology) , thin film technology, doping, etch technology 
(wet etch processes such as immersions etching or spray etch- 

10 ing, dry etch processes such as plasma etching, reactive ion 
etching (RIE) and ion beam etching) and the previously men- 
tioned PECVD. The carbon nanotubes and/or carbon nanofibers 
can be deposited directly onto a suitable substrate or car- 
rier, e.g. a silicon wafer. They exhibit a large specific 

15 surface and adsorb gas molecules. The characteristics of the 
carbon nanotubes and/or carbon nanofibers can be adjusted via 
appropriate deposition parameters during the PECVD process so 
that especially the surface energy of the filling material 
can be selectively adjusted. 

20 

The miniaturized device according to the invention exhibits a 
very low heat capacity. Therefore analysis systems can be re- 
alized, which, if required, can be cooled with low power con- 
sumption for sample enrichment, and can be heated with low 
25 power consumption for desorption of sample molecules. This is 
especially important for transportable analyzing devices whe- 
re low power consumption is of importance. 

Preferably the filling material of the device according to 
30 the invention is porous. It is however possible to insert 

substances (e.g. metals) into the inside of the tube in order 
to deliberately tune the adsorption characteristics. 
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The chamber of the device according to the invention is pref- 
erably located on a carrier or substrate. This carrier can be 
a glass or a metal, but is preferably a silicon wafer (Si wa- 
5 f er) . 

The chamber can be realized directly on the surface or on 
part of the surface of the carrier. It is also possible to 
embed the chamber into the surface of the carrier. For that 
10 case, channel like structures may be pre-defined in the sili- 
con wafer and a layer of carbon nanotubes may be deposited at 
the bottom of these channels. In this way a very space effi- 
cient embodiment of the device according to the invention can 
be realized. 

15 

In an especially preferred embodiment of the invention the 
filling material is covered with at least one layer of amor- 
phous carbon. In this way the chamber can be realized very 
simply. In this embodiment the walls of the chamber with the 
20 filling material are formed from the carrier and from the 

layer of amorphous carbon. The layer of amorphous carbon can 
also be deposited via Plasma Enhanced Chemical Vapor Deposi- 
tion (PECVD) . 

25 An amorphous material is a substance where the atoms exhibit 
no order but where the atoms form random patterns. Materials 
with regular patterns are named crystals. The layer of amor- 
phous carbon therefore consists of carbon atoms which do not 
form an ordered structure like for example carbon nanotubes. 

30 

In an embodiment of the invention a heating unit is provided, 
which is preferably located at one side or at a surface of 
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the carrier opposite to the side or the surface of the car- 
rier with the chamber. The heating unit can consist of a re- 
sistive heater implemented in thick-film or thin-film tech- 
nology. The heating unit is provided to enable the deliberate 
5 release of adsorbed molecules or atoms. The heating unit can 
also be embedded into the carrier. 

In an additional embodiment a cooling unit is provided which 
could be, for example, a Peltier element. Preferably the coo- 

10 ling unit is located opposite to the surface of the carrier 
with the chamber. Especially preferred, the cooling unit is 
located in a recess within the carrier so that the cooling 
unit is separated from the chamber only by a very thin-walled 
section of the carrier. In this way efficient cooling is pos- 

15 sible at very low power consumption. The cooling unit can ei- 
ther be installed as an alternative or as an addition to the 
heating unit. Cooling can be advantageous in order to improve 
or facilitate the adsorption of sample molecules. 

20 The chamber of the device according to the invention is pref- 
erably shaped like a channel. Preferably the chamber exhibits 
an inlet and an outlet for the delivery and extraction of a 
fluid, for example a sample of molecules or atoms that need 
to be analyzed. In this way a fluid stream, for example a gas 

25 stream with gas molecules that are to be analyzed, can be di- 
rected through the chamber with the filling material and the 
loading of the filling material with sample molecules is sig- 
nificantly improved . 

30 In a preferred embodiment of the invention the outlet can be 
connected to the inlet of a separation column. This enables 
the direct connection of the device according to the inven- 
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tion to a separation column, which can also be realized using 
microsystem technology as known from DE 19726000 or DE 
20301231. This is advantageous in order to minimize the 
amount of dead volume . 

5 

The current invention also relates to a process for the pro- 
duction of a miniaturized device for the storage and/or en- 
richment of molecules and or atoms, especially for a minia- 
ture gas chromatograph. In this process at least one layer of 
10 filling material consisting of or containing nanoscale parti- 
cles, tubes and/or fibers is deposited on a carrier. Said at 
least one layer of filling material is preferably covered 
with at least one layer of amorphous material . 

15 With the help of the process according to the invention a mi- 
niaturized device for the storage and/or enrichment of mole- 
cules and or atoms, especially for a miniature gas chromato- 
graph can be realized in a very advantageous manner. For the 
production of miniaturized analysis systems especially 

20 adapted processes are required so that optimum results can be 
achieved and not only a compact design but also selectivity 
and analytical accuracy can be provided. The process accord- 
ing to the invention is particularly adapted to the demands 
of microsystem technology. The filling material consists of 

25 or contains nanoscale particles, tubes or fibers. Their di- 
mensions, especially their diameter, are in the nanometer 
range (1 nm = 10-9 m) . Nanoscale particles are for example 
carbon nanotubes, carbon nanofibers and the previously men- 
tioned Fullerenes. The C-60-Fullerene (a fullerene with 60 C- 

30 atoms, which has the form of a closed icosahedron, a polyeder 
that contains twelve pentagonal and 2 0 hexagonal segments) , 
exhibits e.g. a diameter of approximately 0.7-1 nm. The 
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carbon compounds exhibit a large storage capacity and physi- 
cal-chemical resistance . 

Preferably the filling material is covered by an amorphous 
5 layer of carbon. This is especially advantageous as such a 

layer can also be produced via plasma enhanced chemical vapor 
deposition under process conditions known to a person skilled 
in the art. It is therefore possible to produce the filling 
material (s) and the cover material (s) in one process step. 
10 Preferably the layers of filling material and amorphous mate- 
rial are deposited via PECVD. 

In the process according to the invention, the section of the 
carrier, where the layer of filling material is deposited, is 

15 preferably determined by a catalyst layer which consists of a 
structured transition metal that has been deposited onto the 
carrier. The carrier preferably consists of a silicon wafer. 
The creation of carbon nanotubes is catalyzed by transition 
metals such as iron, cobalt or nickel. Chhowalla et al . , 

20 2001, Journal of Applied Physics 90, S. 5308-5317 describe 
that nanoscale particles of the metal catalyst, which were 
produced via a sintering process of a metal catalyst layer, 
"ride" on the end of the growing nanotubes opposite to the 
carrier and catalyze their creation there. By adjusting the 

25 particle sizes of the metal catalyst it is therefore possible 
to influence the diameter of the formed nanotubes and there- 
fore influence their physical -chemical properties. The carbon 
nanotubes grow preferably in the section of the carrier or 
carrier surface that is covered with the metal catalyst. The 

30 lateral dimension of the filling material on the carrier can 
be determined by depositing a metal catalyst layer in the de- 
sired area. The metal catalyst can be iron, nickel or cobalt. 
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Other transition metals are also possible. A transition metal 
as used herein means an element of the groups 3-11 according 
to the IUPAC-classif ication (elements with atomic numbers 21- 
30, 39-48, 71-80, 103-112) as well as lanthanides (elements 
5 with atomic numbers 57-70) and actinides (elements with ato- 
mic numbers 89-102) . 

Alternatively, it is possible to define the area where the 
filling material is deposited with a lift-off technique, 

10 which is known to a person skilled in the art of microsystem 
technology. In this process the areas that should not contain 
any filling materials are covered with a sacrificial layer. 
Suitable sacrificial layers (e.g. Si0 2 ) are known to a person 
skilled in the art. The filling material layer (s) is (are) 

15 initially deposited onto sections that are covered with the 
sacrificial layer and sections that are free of the sacrifi- 
cial layer. Subsequently the sacrificial layer can be removed 
via chemical processes so that the filling material only re- 
mains in the areas that have previously been free of the sac- 

20 rificial layer. 

In the process according to the invention the layer (s) of the 
filling material and the layer (s) of the amorphous material 
are preferably deposited onto the carrier in such a way that 

25 a channel is formed between the carrier and the layer of 

amorphous material, the channel containing the filling mate- 
rial . Preferably openings are introduced into the channel so 
that said channel can be connected to the outside world in 
order to connect to a separation column or sample application 

30 systems for example. 
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The invention also relates to the usage of nanoscale parti- 
cles, tubes and/or fibers, especially carbon nanotubes or 
fullerenes for the storage and/or enrichment of molecules 
and/or atoms for the purpose of analysis of the molecules or 
5 atoms. Said molecules or atoms are preferably present in a 
fluid current, ideally a gas current. 

The invention is described in the following section with the 
help of exemplary embodiments. It shows: 

10 

Fig.l An embodiment of the device according to the invention 

Fig. 2 An additional embodiment according to the invention 

15 Fig. 3 A third embodiment according to the invention 

Fig. 1 shows a device for the storage and/or enrichment of 
molecules and/or atoms according to the invention. The device 
is produced via microsystem technology. On the surface of the 

20 silicon wafer 6 a layer 2 of a filling material, which con- 
tains carbon nanotubes, is deposited using PECVD. The filling 
material layer 2 is covered by a layer 5, which consists of 
amorphous carbon, so that a channel like chamber 1 with the 
filling material 2 is formed. Two openings, an inlet 3 and an 

25 outlet 4, are incorporated in to the silicon wafer 6 using 
known processes from the microsystem technology. Via a con- 
nection 11 the openings are connected to the chamber 1. A 
fluid, for example a gas stream containing the gas molecules 
that need to be analyzed, can flow through the inlet 3, 

30 through the chamber 1 with the filling material and through 
the outlet 4 of the device. The sample molecules, which need 
to be analyzed, are adsorbed and enrichment by the filling 
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material 2. At the side of the carrier 6, which lies opposite 
the side with the chamber 1, a heating unit 7 is present, for 
example thick-film or thin-film resistive heating elements. 
With the help of the heating unit 7 atoms and/or molecules, 
5 which have been adsorbed by the filling material 2, can be 
desorbed. A separation column can be connected to the outlet 
4 . 

The silicon wafer 6 exhibits dimensions of the order of e.g. 
10 5x3 mm, the chamber 1 with the filling material 2 is ap- 
proximately 3 mm long and has a width and a depth of a few 
tenths of a millimeter. 

For the production of the device a sacrificial layer consist- 
15 ing of organic material can be deposited in those areas of 
the carrier 6 (a Si -wafer) , which shall form the connection 
11. Subsequently, the layer of filling material 2 and a layer 
of amorphous carbon 5 are deposited via PECVD. From the other 
side, the inlet 3 and the outlet 4 are structured into the 
20 silicon wafer 6 via processes commonly known in microsystem 
technology. The sacrificial layer is subsequently either 
ashed or is dissolved using chemicals. 

It is also possible to first structure the inlet 3 and the 
25 outlet 4 and to leave a thin Si -layer (Si -membrane) onto 

which the sacrificial layer is subsequently deposited. The 
Si-membrane and the sacrificial layer can be chemically re- 
moved after the layer of filling material 2 and the layer of 
amorphous material 5 have been deposited. 

30 

After structuring the inlet 3 and the outlet 4 it is also 
possible to insert a plug, consisting of a suitable material, 
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into the openings on the side where the chamber 1 will be lo- 
cated, in such a way, that the area, which will form the con- 
nection 11, is not covered by the filling material 2. After 
the production of the chamber 1 with the filling material 2 
5 the plug can be removed, for example via chemical means. 

Fig. 2 shows a device according to the invention, where the 
channel 1 is embedded in the surface of the carrier 6. For 
this purpose a recess was structured into the carrier 6, a 
10 silicon wafer, using standard processes known in the micro- 
system technology such as etching. Using PECVD the filling 
material 2 was accumulated in the recess. In this way a very 
compact embodiment of the invention can be produced. 

15 Fig. 3 shows an embodiment, where a cooling unit 8 is envis- 
aged. This cooling unit 8 is located in a recess 9, which is 
structured into the carrier 6. As a result the cooling unit 
is separated by a relatively thin walled area 10 from the 
filling material 2 in the chamber 1, so that the transmission 

20 of cooling energy is optimized. 



